Inflammation of the male reproductive tract is accepted as being an important etiological factor of infertility. Experimental autoimmune orchitis (EAO) is characterized by interstitial lymphomononuclear cell infiltration and severe damage of seminiferous tubules with germ cells that undergo apoptosis and sloughing. Because the blood-testis barrier (BTB) is relevant for the protection of haploid germ cells against immune attack, the aim of this study was to analyze BTB permeability and the expression of tight junction proteins (occludin, claudin 11, and tight junction protein 1 [TJP1]) in rats during development of autoimmune orchitis. The role of IL6 as modulator of tight junction dynamics was also evaluated because intratesticular content of this cytokine is increased in EAO rats. Orchitis was induced in Sprague-Dawley adult rats by active immunization with testicular homogenate and adjuvants. Control rats (C) were injected with saline solution and adjuvants. Untreated (N) rats were also studied. Concomitant with early signs of germ cell sloughing, a reduced expression of occludin and delocalization of claudin 11 and TJP1 were detected in the testes of rats with EAO compared to C and N groups. The use of tracers showed increased BTB permeability in EAO rats. Intratesticular injection of IL6 induced focal testicular inflammation, which is associated with damaged seminiferous tubules. Rat Sertoli cells cultured in the presence of IL6 exhibited a redistribution of tight junction proteins and reduced transepithelial electrical resistance. These data indicate the possibility that IL6 might be involved in the downregulation of occludin expression and in the modulation of BTB permeability that occur in rats undergoing autoimmune orchitis.
INTRODUCTION
Infection and inflammation of the male reproductive tract including the testes are widely accepted as important etiological factors of infertility [1] . Although most acute inflammatory disorders of the male genital tract are of infectious origin, a wide spectrum of other etiological factors may induce chronic testicular inflammation characterized by peritubular lymphocytic infiltrates, generally associated with damage of seminiferous epithelium and disruption of spermatogenesis. The most common experimental model for the investigation of autoimmune-based testicular impairment is autoimmune orchitis induced by active immunization with spermatic antigens [2] .
Testicular damage in experimental autoimmune orchitis (EAO) is characterized by an increased number of T cells, macrophages, and dendritic cells that infiltrate the interstitium and by increased testicular content of proinflammatory cytokines [3] [4] [5] [6] [7] . Seminiferous tubules show apoptotic germ cells and different degrees of cell sloughing within the tubular lumen, with early dysfunction of adhesive mechanisms occurring among Sertoli and Sertoli/germ cells, which results in aspermatogenesis and atrophy [8, 9] .
The germinal epithelium of the adult testis is composed of a fixed population of supporting Sertoli cells, a stem cell population of spermatogonia resting on the basal lamina and a mobile population of germ cells in continuous differentiation [10] . Adjacent Sertoli cells are connected by basal ectoplasmic specializations, adherens, and gap and tight junctions that constitute the blood-testis barrier (BTB) [11] [12] [13] . The BTB physically divides the seminiferous epithelium into a basal and an adluminal compartment. Spermatogonia and preleptotene spermatocytes are in the basal compartment and leptotene spermatocytes and spermatids are above the BTB, in the adluminal compartment [14] . Therefore, the BTB must disassemble and reassemble periodically to allow preleptotene and leptotene spermatocytes to gain entry into the adluminal compartment for further development [15, 16] . The primary function of the BTB is to create the appropriate microenvironment to control germ cell development and maturation, to protect haploid germ cells from harmful cytotoxic molecules, and to avoid the interaction of autoantigens with interstitial immune cells [17, 18] .
Tight junctions are important structural components of the Sertoli cell junctional complex. Tight junctions are regions where plasma membranes of adjacent Sertoli cells form a number of contacts that appear to completely occlude extracellular space, thereby creating an intercellular barrier and intramembrane diffusion fence [19] . Unlike tight junctions in other epithelia, these junctions in the testis have a unique location: close to the basement membrane [20] . The tight junction structure consist of a transmembrane region that includes those molecules that mechanically confer adhesiveness to cells by binding to the same molecule on adjacent cells (occludin, the claudin multigene family, and junctional adhesion molecules) [21] [22] [23] and the plaque or peripheral region of the tight junction, consisting of molecules that anchor transmem-brane proteins to the tight junction structure and link them to the cell cytoskeleton (e.g., tight junction protein 1 [TJP1], formerly known as ZO-1) [24] . Signaling molecules and several transcription factors have also been identified in association with tight junctions [13] . Different factors some of which are cytokines (TNF alpha, TGF beta, and IL1 alpha), growth factors, testosterone and nitric oxide modulate junction dynamics and BTB function [25, 26] .
Adherens and tight junction integrity is crucial for normal architecture of the seminiferous epithelium. Because cytoarchitecture is altered in autoimmune orchitis and severe germ cell sloughing occurs, we focused our study on the evaluation of tight junction protein expression and BTB functionality in this experimental model. With the aim of investigating factors that may modulate intercellular junctions in the seminiferous tubules, we also analyzed the in vivo and in vitro action of IL6, which is increased in the testes of rats with EAO, on tight junctions and BTB function.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats aged 50-60 days were kept at 228C on a 12L:12D schedule and fed standard food pellets and water ad libitum. The use of rats followed National Institute of Health guidelines for care and use of experimental animals and was approved by the local committee (CICUAL, Facultad de Medicina, Universidad de Buenos Aires).
Induction of EAO
Rats in the experimental (E) group were immunized with testicular homogenate (TH) prepared as previously described [27] . Briefly, rats were injected three times with 200 mg of TH/dose/rat at 14-day intervals. TH (0.4 ml) emulsified with complete Freunds adjuvant (CFA) (0.4 ml; Sigma-Aldrich) was injected intradermally in the footpads and at multiple sites near the lymph nodes. The first two immunizations were followed by an intravenous injection of 0.5 ml Bordetella pertussis (Bp) (strain 10536; Instituto Malbrán, Buenos Aires, Argentina) containing 10 10 microorganisms and the third by intraperitoneal injection of 5 3 10 9 microorganisms. Control (C) rats were injected with an emulsion of saline solution and CFA; Bp was used as coadjuvant following the E group schedule. Normal untreated (N), E, and C rats were killed on different days after the first immunization-30 days (end of immunization period), 40 days (period previous to orchitis), 50 days (focal EAO), and 80 days (severe EAO)-and the testes were removed and weighed. One testis was processed for histopathology, and the other was quickly frozen for immunohistochemistry or used for Western blot or BTB permeability assays.
Histopathology
Testes were fixed in Bouin solution and embedded in paraffin. Testicular histopathology was analyzed in transversal sections obtained from the poles and equatorial areas stained with hematoxylin-eosin.
Immunofluorescence
Immunofluorescent analyses were performed on frozen testicular sections (5-7 lm) obtained from four to six animals per group. To study the distribution of occludin, sections were fixed in ethanol for 30 min at 48C followed by acetone fixation at room temperature (RT) for 5 min. To detect claudin 11 and TJP1, sections were fixed in methanol at À208C for 15 min. After blocking nonspecific sites with blocking solution (5% normal horse serum in 3% bovine serum albumin [BSA] , 5% normal goat serum in 3% BSA, or 5% BSA) at RT for 30 min, sections were incubated with the corresponding primary antibodies-mouse anti-occludin, (1:5; Invitrogen), rabbit anti-claudin 11 (1:50; Santa Cruz Biotechnology), and mouse anti-TJP1-fluorescein isothiocyanate (1:50; Invitrogen)-diluted in blocking solution overnight at 48C. After three washes with PBS, sections were incubated with the corresponding secondary antibodies-biotinylated horse anti-mouse immunoglobulin G [IgG] (1:50), fluorescein-conjugated goat anti-rabbit IgG (1:50), and biotinylated goat anti-fluorescein (1:100) (all from Vector Laboratories)-for 1 h at RT. To detect occludin and TJP1, immunostaining was amplified with fluoresceinconjugated neutralite avidin (1:200; Southern Biotechnology). For negative controls, the first antibodies were replaced with the corresponding isotype controls at the same concentration as the primary antibodies. After a nuclear staining step with DAPI (4 0 ,6-diamino-2-phenylindole) (Sigma-Aldrich), the sections were mounted in buffered glycerin and observed by Axiophot fluorescent microscope with epi-illumination (Carl Zeiss Inc.).
Western Blot Analysis
To detect occludin, claudin 11, and TJP1, testes were decapsulated and homogenized in three volumes of ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid [EDTA], 0.1% SDS, 0.5% sodium desoxycholate, and 1% NP-40) with protease inhibitors (2 mM phenylmethylsulphonyl fluoride, 10 lg=ml leupeptin, 10 lg=ml pepstatin A, and 10 lg=ml aprotinin; Sigma-Aldrich). To detect phospho (p)-MAPK14, the following lysis buffer was used: 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 2 mM ethylene glycol tetraacetic acid, with protease and phosphatase inhibitors (2 mM sodium fluoride and 50 mM sodium orthovanadate; Sigma-Aldrich). Homogenates were centrifuged at 13 500 3 g for 30 min at 48C.
Supernatant proteins were measured using the Bio-Rad DC Protein Assay. Equal amounts of protein (50 lg, or 300 lg to detect p-MAPK14) were diluted 1:1 in SDS-reducing buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 5% b-mercaptoethanol, and 0.01% bromophenol blue), boiled for 5 min, and placed on ice before loading onto the gel. For detection of claudin 11, proteins were diluted in SDS sample buffer without b-mercaptoethanol and not boiled. Samples were resolved in 10% SDS-PAGE except for claudin 11, which was resolved in 15% SDS-PAGE. Proteins were electroblotted at 150 V for 60 min or 100 V for 90 min (claudin 11 and p-MAPK14) to polyvinylidene fluoride membranes (Immobilon P; Millipore Co). The transfer was monitored by Ponceau red staining. Prestained protein standards (Precision Plus Protein Standards; Bio-Rad) with a molecular weight range of 10-250 kDa were used. Membranes were blocked with 5% nonfat dry milk in TBS (10 mM Tris-HCl [pH 7.5], 0.9% NaCl) containing 0.1% Tween 20 for 1 h. Blots were probed overnight with the corresponding primary antibodies ( Table 1) . As an internal loading control, a rabbit polyclonal anti-actin antibody or a mouse monoclonal anti-MAPK14 antibody was used. Blots were washed and incubated with an appropriate second biotinylated antibody, such as horse anti-mouse IgG or goat anti-rabbit IgG (1:6000; Vector Laboratories). Then the reaction was enhanced with streptavidin-horseradish peroxidase conjugate (Chemicon International Inc.), and the proteins were visualized by enhanced chemiluminescence. Images were captured using the GeneSnap software (7.08.01 version) and were analyzed with Gene Tools software (4.01.02 version) from SynGene (Synoptics Ltd.).
Biotin Tracer Studies
The permeability of the BTB was assessed with a biotin tracer as described previously [28] . Freshly dissected testes (n ¼ 5/group) were injected intratesticularly with 10 mg/ml EZ-Link Sulfo-NHS-LC-Biotin (Pierce) freshly dissolved in PBS containing 1 mM CaCl 2 whose volume represented 10% testis weight. Testes were then incubated at RT for 30 min, immersed in 4% paraformaldehyde, and embedded in paraffin. For localization of the biotin tracer, testis sections (5 lm thick) obtained from different levels were deparaffinized and hydrated. To avoid nonspecific staining, sections were blocked with 5% nonfat dry milk in PBS containing 0.01% Triton X-100 for 15 min prior to incubation with streptavidin-Alexa Fluor 555 (1:3000; Invitrogen) for 30 min at RT. After nuclear staining with DAPI, sections were mounted in buffered glycerin and observed by Axiophot fluorescent microscope with epiillumination.
Lanthanum Permeability
Testes (n ¼ 5/group) were perfused through the testicular artery with 2% lanthanum nitrate (Sigma-Aldrich) and 5% glutaraldehyde buffered with 0.1 M sodium cacodylate, pH 7.4, for 30 min. Tissue was cut into thin slices and placed in 5% glutaraldehyde buffered for 2 h. Blocks of 1 3 1 mm were postfixed in 1% osmium tetroxide in the same buffer with 1% potassium ferrocyanide as an auxiliary membrane contrast agent, then processed for conventional transmission electron microscopy. Sections (1 lm thick) were stained with toluidine blue for light microscopy and ultrathin sections (about 80 nm thick) were double stained with uranyl acetate and lead citrate and examined by a transmission electron microscope (Zeiss EM-94).
Intratesticular Injection of IL6
To assess the effect of IL6 on testicular histopathology, rats (n ¼ 8/group) were anesthetized, and 1 lg of recombinant rat IL6 (R&D Systems) was injected intratesticularly with a 30-gage needle in a final volume of 100 ll sterile saline solution. Each injection was made into the upper third of the testicular parenchyma. Testes injected with the same volume of saline solution were used as controls. Rats were killed 3 days after the injection, and the testes were removed and immersed in Bouin solution or used to obtain interstitial cells for flow cytometric analysis. After 24 h, the testes were cross-cut at the equatorial area, and each half was processed separately for histopathology. Both halves were analyzed separately in order to discard any traumatic tissue damage induced by the needle. To quantify the number of damaged seminiferous tubules and inflammatory foci, four sections from each half testis per animal were analyzed by light microscopy. The dose of IL6 was selected based on reports of in vivo administration of other cytokines [29, 30] .
Isolation of a Cell Fraction from the Testicular Interstitium
Cell fractions obtained from the testicular interstitium of rats injected with saline or IL6 (n ¼ 5/group) were obtained as previously described [3] . Briefly, decapsulated testes were incubated with 0.23 mg/ml type I collagenase (SigmaAldrich) at 348C for 15 min. Then collagenase was inactivated, and the seminiferous tubules were allowed to settle; the supernatant was washed with PBS, and red blood cells were depleted by osmotic lysis with 160 mM NH 4 Cl and 170 mM Tris-HCl, pH 7.2. The cells were washed, centrifuged, and counted in a Neubauer chamber by the trypan blue exclusion method.
Flow Cytometric Analysis
Testicular interstitial cells (1 3 10 6 ) were stained with CD45-PE-Cy5 antibody (0.072 lg/1 3 10 6 cells). An appropriate control isotype was used (both purchased from BD Biosciences). A BD FACSCalibur cytometer was used to acquire 150 000 events on the CD45þ cell gate. The absolute number of positive cells per testis was calculated from percentages obtained by cytometric analysis and total number of interstitial cells.
Sertoli Cell Isolation
Sertoli cells were isolated from 20-day-old Sprague-Dawley rats as previously described [31] . Briefly, decapsulated testes were digested with 0.1% collagenase and 0.006% soybean trypsin inhibitor in Hanks balanced salt solution for 5 min at RT. Seminiferous tubules were saved, cut, and treated with 1 M glycine and 2 mM EDTA, pH 7.4, to remove peritubular cells. The washed tubular pellet was then digested again with collagenase for 10 min at RT to remove germ cells. The Sertoli cell suspension, collected by sedimentation, was resuspended in culture medium that consisted of a 1:1 mixture of Ham F12 and Dulbecco modified Eagle medium (F12/DMEM), supplemented with 20 mM HEPES, 100 international units/ml penicillin, 2.5 lg/ml amphotericin B, 1.2 mg/ml sodium bicarbonate, 10 lg/ml transferrin, 5 lg/ml insulin, 5 lg/ml vitamin E, and 4 ng/ml hydrocortisone. The day of cell isolation was designated as Day 0.
Culture Conditions
For immunofluorescent studies, Sertoli cells (5 lg DNA/cm 2 , corresponding to 0.4 3 10 6 cells/cm 2 ) were cultured on glass coverslips coated with 6 lg/ cm 2 laminin (Invitrogen) placed on 24-multiwell plates. The cells were cultured at 348C in a mixture of 5% CO 2 :95% air.
In order to study the distribution of occludin and claudin 11, Sertoli cells cultured for 4 days were maintained for 24 h under basal conditions or treated with 5 or 50 ng/ml IL6 (R&D Systems). At the end of the incubation period, cells were fixed in methanol at À208C for 15 min (claudin 11) or in ethanol at 48C for 30 min followed by acetone fixation at RT for 5 min (occludin). After permeabilization with 0.1% Triton X-100 in PBS at 48C for 30 min, immunostaining was performed as described above.
To quantify transepithelial electrical resistance (TER), Sertoli cells were cultured at high cell density (15 [32] . Cell cultures incubated for 24 h in the absence of cytokines (Basal), in the presence of variable doses of IL6 (0.1, 0.5, 1, 5, and 50 ng/ml), or in the presence of 100 ng/ml TNF alpha, a cytokine that impairs TER, were used. On Day 5, a medium change to fresh medium without cytokines was performed in cells treated with IL6 or TNF. The effect of an inhibitor of MAPK14 (10 lM SB203580) on Sertoli cells cultured with IL6 was assessed by TER measurement.
TER Measurement
The establishment of tight junctions between Sertoli cells was assessed daily from Day 2 to Day 8 by the measurement of TER across the Sertoli cell monolayer by a Millicell electrical resistance system (Millipore Co.) as described previously [33] . Briefly, a short (;2 sec) 20-lA pulse of current was passed through the epithelial monolayer between 2 silver-silver chloride electrodes, and the electrical resistance was measured. Electrical resistance was then multiplied by the surface area of the filter to yield the area of resistance in ohms . cm 2 . The net value of electrical resistance was then computed by subtracting the background, which was determined by Matrigel-coated cell-free chambers. Each time point had quadruplicate bicameral units. This experiment was run four times on different batches of cells. 
Cell Proliferation Assay
Statistical Analysis
Western blot results of each group were compared to the corresponding control by ANOVA followed by the Dunnett test. The results from flow cytometry were analyzed by the nonparametric Mann-Whitney test. For evaluation of TER results, statistical analyses were performed by ANOVA using Tukey honestly significant difference test, in which each sample group at a specified time point was compared to other sample groups within the same experiment. Data represent the mean 6 SEM. Differences were considered significant when P , 0.05.
RESULTS
Histopathology
In the testes of N and C rats (Fig. 1A) as well as E rats killed on Day 30, we observed normal spermatogenesis in all the seminiferous tubules. At 40 days, 10 days after the end of the immunization period, testicular histopathology was not similar in all the rats. Some rats had no lesion, whereas others showed foci of a few seminiferous tubules with germ cells sloughed in the lumen, intermingled with normal tissue (Fig. 1B) . Fifty days after the first immunization (focal EAO), testes of EAO rats showed mild interstitial infiltration of lymphomononuclear cells and multiple foci of damaged seminiferous tubules with different degrees of germ cell sloughing (Fig. 1C) . From 80 days on (severe EAO), increased interstitial cell infiltrate and severe germ cell sloughing were observed in most seminiferous tubules in which only Sertoli cells and spermatogonia (occasionally some spermatocytes) remained attached to the tubular wall (Fig. 1D) .
Changes in the Localization of Tight Junction Proteins in the Testes of Rats with EAO
The localization of integral membrane proteins, occludin and claudin 11, and the tight junction-associated protein TJP1 was evaluated by indirect immunofluorescence in testicular BTB AND OCCLUDIN EXPRESSION IN AUTOIMMUNE ORCHITIS sections of N, C, and E rats killed 30, 40, 50, and 80 days after the first immunization. In C rats, occludin was localized at the basal compartment of seminiferous tubules with a linear pattern at the basolateral membrane region of adjacent Sertoli cells consistent with its localization at the BTB (Fig. 2A) . Claudin 11 localized only at the basal region of seminiferous tubules, at the apical and lateral borders of basal cells, with a thicker immunofluorescent pattern than occludin (Fig. 2D) . TJP1 was observed with a thin, lineal, continuous immunofluorescent pattern, defining the apical borders of seminiferous tubule basal cells. It was also localized at elongating spermatids (Fig. 2G) . Similar results were observed in N rats (data not shown).
In rats with focal EAO, immunostaining for occludin was more irregular, its intensity decreasing in damaged seminiferous tubules (Fig. 2B) . Claudin 11 immunostaining became more diffuse, its immunofluorescent pattern thicker and more intense compared to C rats (Fig. 2E) . Occasionally, immunofluorescence was also observed in apical areas. The immunofluorescent pattern of TJP1 was more irregular and discontinuous compared to that observed in C rats (Fig. 2H) .
In most seminiferous tubules of rats with severe EAO, occludin immunostaining was not detected (Fig. 2C) . Claudin 11 and TJP1 showed a thickened immunofluorescent pattern, distributed in a larger area at the basal region of seminiferous tubules of rats with severe EAO compared to C group rats (Fig.  2, F and I) .
A similar immunofluorescent pattern for occludin, claudin 11, and TJP1 was detected in E rats killed at 30 days compared to N and C rats. Similar results were observed in E rats killed on Day 40, except for occludin whose expression was decreased in seminiferous tubules showing some degree of germ cell sloughing (Supplemental Fig. S1 ; all the Supplemental Data are available online at www.biolreprod.org).
Changes in Tight Junction Protein Expression in the Testes of EAO Rats
The level of occludin, claudin 11, and TJP1 expression was evaluated by Western blot analysis in testicular homogenates from N, C, and E rats killed 30, 40, 50, and 80 days after the first immunization. A significant decrease in occludin expression was observed in the testes of E rats killed on Days 50 (focal EAO) and 80 (severe EAO) compared to C rats (Fig.  3A) . No changes in steady-state levels of claudin 11 and TJP1 were detected at any time period studied (Fig. 3, B and C) . In the testes of E rats killed on Days 30 and 40 (data not shown), no changes compared to C rats were detected in the expression of all the molecules analyzed. The expression levels observed in C rats were similar to those observed in N rats.
Impairment of BTB Permeability
To assess BTB integrity, we ran a biotin tracer penetration experiment. Figure 4A shows that, in the testes of C rats, biotin tracer was restricted to the interstitial area and basal compartment of seminiferous tubules, around the basal cells. No biotin tracer was detected at the adluminal compartment, illustrating the presence of a functional BTB. In the testes of EAO rats, the biotin tracer was found within the adluminal compartment surrounding some remaining germ cells, indicating loss of BTB function (Fig. 4B) .
To confirm the findings described above, we ran lanthanum tracer studies at the ultrastructural level to assess whether the BTB was compromised in EAO rats. In C testes, lanthanum PÉ REZ ET AL.
was distributed between peritubular cells, around spermatogonia, and between adjacent Sertoli cells, where it was abruptly halted by the BTB tight junctions. No lanthanum was observed within the adluminal compartment (Fig. 5, A and C) . In contrast, in most seminiferous tubules of EAO rats, lanthanum diffused into the adluminal intercellular space between Sertoli cells and damaged germ cells (Fig. 5, B and D) .
Increased p-MAPK14 Expression in Testes of Rats with EAO
Lui et al. [34] reported that BTB dynamics are regulated in vivo by the TGF beta3/MAPK14 pathway. Therefore, the expression of p-MAPK14 in the EAO testes was examined. Using Western blot, we detected increased p-MAPK14 expression in testes of E rats killed on Day 80 (severe EAO) compared to C rats (Fig. 6) . No changes were detected in rats killed on Day 50 (focal EAO) compared to C rats.
IL6 Induces Histopathological Alterations and Changes in Tight Junction Protein Expression
When IL6 was administered intratesticularly to adult rats (1 lg/testis), histopathological changes were detected 3 days after the injection. Testes of rats injected with IL6 showed foci of few seminiferous tubules with different degrees of germ cell sloughing as well as interstitial lymphomononuclear cell infiltrates close to the damaged tubules (Fig. 7, B and D) . Some rats injected with saline showed a few damaged seminiferous tubules near the site of the injection but not in other areas (Fig. 7, A and C) . In contrast, damage of IL6-injected rats was observed both near and distant from the injection site. A higher number of inflammatory foci (IL6 versus saline: 2.8 6 1.5 versus 0.5 6 0.1, P ¼ 0.04) and a higher number of damaged seminiferous tubules/focus (IL6 versus saline: 3.6 6 1.1 versus 1.2 6 0.4, P ¼ 0.03) were observed in the testes of rats injected with IL6 compared to saline.
To determine the number of interstitial leukocytes in the testis injected with IL6, a flow cytometric analysis was performed using the CD45 marker. A significant increase in the absolute number of CD45þ cells was observed in testes injected with IL6 compared to those injected with saline (Fig.  8) .
The results of immunofluorescence showed reduction of occludin expression (Fig. 9, A and B) and delocalization of claudin 11 (Fig. 9 , E and F) in damaged seminiferous tubules of rats injected with IL6. A normal immunofluorescent pattern of these proteins was observed at seminiferous tubules of rats injected with saline (Fig. 9, C, D, G, and H) .
IL6 Induces Structural and Functional Alterations of Sertoli Cell Tight Junction Barrier In Vitro
Because IL6 induces interstitial inflammation and germ cell sloughing, we investigated its effect on the integrity of the Sertoli cell tight junction barrier in vitro. As a functional parameter of BTB integrity, we quantified TER across the Sertoli cell epithelium in the presence of different concentrations of IL6. On Day 4, when Sertoli cells completed the tight junction barrier assembly, IL6 was added to the culture medium for 24 h. TER was assessed daily from the second day of culture until Day 8.
The addition of recombinant IL6 at 5 and 50 ng/ml to Sertoli cells cultured in vitro on Matrigel-coated bicameral units
FIG. 2. Expression and distribution of occludin, claudin 11, and TJP1 in testis sections of control and EAO rats. Bright and linear immunofluorescence is detected in the basal area of seminiferous tubules (STs) of control rats (A, D, and G). Damaged STs from a rat with focal EAO show a reduction of occludin expression (asterisk in B). Claudin 11 and TJP1 immunofluorescent pattern is irregular and delocalized in rats with focal EAO (E and H).
No expression of occludin was detected in rats with severe EAO (C), while claudin 11 (F) and TJP1 (I) immunofluorescence is distributed over a larger area than in control rats. Bar ¼ 50 lm.
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disrupted the Sertoli cell tight junction barrier, as demonstrated by a significant decline in TER when compared to basal conditions (Fig. 10) . As a positive control, we used TNF alpha, known to affect the assembly of Sertoli cell tight junctions in vitro [35] . The decrease in TER induced by both cytokines was reversible because when cytokines were removed at Day 5, TER returned to values similar to those found under basal conditions (Fig. 10) . A dose-dependency of TER in response to variable doses of IL6 was observed (Supplemental Fig. S2) .
We next evaluated the effects of IL6 exposure to Sertoli cells on localization of tight junction proteins. Immunofluorescent staining demonstrated that occludin and claudin 11 were present at the zone of contact between adjacent cells in a linear and continuous pattern that delineated cell borders under basal conditions (Fig. 11, A:a-c and B:a-c) . Addition of IL6 induced redistribution of both proteins because immunofluorescence for occludin became discontinuous and was localized at punctual zones of cell borders (Fig. 11A:d-f) ; claudin 11 was redistributed from the cell surface into the cytoplasm (Fig.  11B:d-f) . In order to evaluate if IL6 affected Sertoli cell viability, an MTS assay was performed. Viability of Sertoli cells cultured in the presence of IL6 was similar to that of cells cultured under basal conditions considered as a 100% (5 ng/ml IL6: 96% 6 3%; 50 ng/ml IL6: 107% 6 5%).
Combined treatment of IL6 with a specific inhibitor of the MAPK14 pathway (10 lM SB203580) showed a decrease in the action of IL6, suggesting the participation of this signaling   FIG. 3 . Changes in steady-state levels of tight junction proteins in testis of rats with EAO (Western blot). A significant decrease in occludin expression was observed in experimental (E) rats killed on Days (d) 50 and 80 (A). No changes in claudin 11 and TJP1 levels were detected at any time period studied (B and C). Data from E groups were compared to data from control (C) rats arbitrarily set at 1. Each bar represents the mean 6 SEM of five animals; **P , 0.01 versus C.
PÉ REZ ET AL. pathway in IL6 effect on Sertoli cell tight junction barrier (Fig.  12 ).
DISCUSSION
Testes of rats undergoing autoimmune orchitis present foci of seminiferous tubules with germ cell sloughing and apoptosis. The present results show that, in association with seminiferous tubule damage, changes in tight junction molecule expression and impairment of BTB function occur. Tight junction proteins of N and C rats localize at the basal compartment of seminiferous tubules where the BTB is normally formed, in accordance to the localization described by others [21, 36, 37] . TJP1 also localize in elongating spermatids, as previously reported in mice by Byers et al. [38] .
Changes in tight junction protein expression observed in E rats are concomitant with histopathological lesions of seminiferous tubules. In fact, in testes of E rats killed on Day 40, when the lesion is limited to a few tubules, we observed reduced expression of occludin in those seminiferous tubules that showed some degree of germ cell sloughing. In contrast, adjacent seminiferous tubules with normal spermatogenesis showed a normal pattern of occludin expression. By Western blot analysis, we detected no changes in occludin expression in testes of these animals because only a few foci of seminiferous tubules were damaged. The use of laser microcapture methodology followed by real-time PCR would enable us to confirm reduction of occludin expression in identified altered seminiferous tubules.
In testes of rats with focal and severe EAO (50 and 80 days, respectively) we observed a significant decrease in occludin expression by immunofluorescence and Western blot analysis. Similar results were described in seminiferous tubules damaged by the action of toxicants such as cadmium chloride, vasectomy, or heat stress [39] [40] [41] .
In contrast with N and C rats, a more diffuse localization and a higher intensity of claudin 11 immunofluorescence was observed at the basal compartment of seminiferous tubules in rats with focal EAO. In severe EAO, this protein had the same localization but was distributed over a larger area. However, Western blot analysis revealed no differences in protein expression.
The delocalization of claudin 11 observed in EAO rats suggests that this protein is not properly assembled in tight junction complexes. Several studies have demonstrated that endocytosis is a novel mechanism utilized by an epithelium to rapidly impair cell junction dynamics [42] [43] [44] . Cytokines such as TNF alpha and TGF betas can alter testicular tight junction function by accelerating endocytosis of integral membrane proteins [45] . Other authors report that chemokine CCL2 induces remodeling of brain endothelial tight junctions through internalization and recycling of occludin and claudin 5 [46] . Previous results of increased testicular content of CCL2 and TNF alpha [47, 48] and present observations of frequent endocytic vesicles in seminiferous tubule cells of rats with 
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EAO suggest that chemokines and cytokines may modulate claudin 11 internalization in EAO rats.
Using biotin and lanthanum nitrate, we showed impairment of BTB function in rats with autoimmune orchitis because both permeability tracers were detected in the adluminal compartment of seminiferous tubules in contrast with N and C rats that showed a basal localization. Pelletier [16] , in a study of the ultrastructure of the BTB by freeze-fracture technique, described that particulate elements in junctions form either a short fibril confined to a focal tight junction called macula occludens, which is readily bypassed by interstitial fluids, or a continuous fibril, called zonula occludens, which completely encircles the body of the Sertoli cell and blocks the passage of vascularly infused permeability tracers. Our results showed that in testis of EAO rats a significant reduction of occludin expression and delocalization of claudin 11 occur in seminiferous tubules concomitant with impairment of BTB permeability. Therefore, we may speculate that in EAO, tight junction proteins are mainly involved in macula occludens structures whereas zonula occludens assembly is impaired.
In focal EAO, an irregular and discontinuous TJP1 immunofluorescent pattern was observed at the seminiferous PÉ REZ ET AL. tubule basal compartment. Although its localization was the same, TJP1 was distributed over a larger area in rats with severe EAO. These alterations may be a result of the concomitant reduced expression of occludin and gap junction protein alpha 1 [9] because both proteins associate with TJP1 under normal conditions [49] .
Based on the results of Chung et al. [50] who highlighted the importance of occludin for normal BTB function, we speculate that increased BTB permeability in EAO rats is dependent on the reduced expression of occludin. Those authors injected rats with a 22-amino acid synthetic peptide corresponding to the second extracellular loop of occludin and induced a reversible infertility via BTB disruption.
Cytokines, mainly TNF alpha and TGF beta3 produced by Sertoli and/or germ cells [44] , have been described to contribute to restructuring and/or opening of the BTB, facilitating the transit of preleptotene/leptotene spermatocytes at the BTB. IL6 secreted by Sertoli cells [51] could also play a role in the physiological remodeling of BTB in normal conditions. The integrity and function of tight junctions may be altered by cytokines through endocytic mechanisms or by modulation of protein expression. Reports showed that hepatocyte growth factor is also involved in BTB regulation, reducing occludin levels [52, 53] .
During EAO development in rats, proinflammatory cytokines, mainly TNF alpha and IL6, increase in the testicular microenvironment [48, 51] . Our results now show that intratesticular injection of IL6 induced focal inflammatory cell infiltration in the interstitium and germ cell sloughing in adjacent seminiferous tubules. These effects may be due to the 
inflammatory role of IL6 as shown in other models [54, 55] and to the proapoptotic role of IL6 on germ cells as we showed previously [51] . Also, damaged seminiferous tubules exhibited alterations in tight junction protein expression similar to those observed in EAO rats. In turn, by in vitro experiments, we demonstrated the ability of IL6 to modify distribution of Sertoli cell tight junction proteins and to perturb the Sertoli cell tight junction barrier, reducing TER across the cell epithelium. It is possible that IL6, aside from its action on BTB, may also increase endothelial permeability through changes in the distribution of endothelial tight junction proteins as demonstrated in vitro by Desai et al. [56] , facilitating inflammatory cell extravasation. Collectively, these results highlight the role of IL6 in recruiting immune cells to the testicular interstitium and altering the normal structure and function of BTB, facilitating the development of EAO. In a transgenic mouse model in which astrocytes express IL6, central nervous system injury associates with blood-brain barrier breakdown [57, 58] .
Other cytokines such as TNF alpha, TGF beta2, and TGF beta3 are known to regulate the dynamics of Sertoli cell tight junctions through the MAPK14 pathway [29, 39, 59] . The present results also show that BTB impairment is associated with increased p-MAPK14 expression in testes of rats with severe orchitis when germ cell apoptosis is increased. This finding tallies with Johnson et al. [60] , who described activation of the MAPK14 signaling pathway during germ cell apoptosis. Because inflammatory cells also express p-MAPK14 [61] , the increase in this kinase might not be related to BTB impairment. However, the present in vitro experiments show that IL6 is able to impair the Sertoli cell tight junction barrier via the MAPK14 signaling pathway.
Also, reactive oxygen species such as nitric oxide, produced by nitric oxide synthase, have been reported as regulators of tight junction dynamics in the testis [62] . We have shown that in rats with EAO, an increase in the testicular content of nitric oxide is concomitant with elevated nitric oxide synthase activity [63] .
The BTB is composed of coexisting tight junctions, anchoring junctions, and gap junctions. Because tight junctions are closely associated with adherens junctions functionally, spatially, and biochemically, disruption of tight junctions would also induce adherens junction dissociation and germ cell detachment from the epithelium. Studies using cadmium chloride and glycerol have shown that these toxicants can irreversibly perturb tight junctions that can lead, in turn, to anchoring junction damage, thereby dislodging germ cells from PÉ REZ ET AL. the epithelium [64] . Blockage of testicular connexins by panconnexin peptide treatment decreases occludin expression, while upregulating cadherin 2 expression [65] . Similarly, in EAO rats, downregulation of occludin expression is accompanied by increased cadherin 2 expression and a decrease in the content of testicular gap junction protein alpha 1 [9] .
The main feature of testicular damage in autoimmune orchitis is germ cell sloughing. Concomitant with alterations of adherens junction protein expression that we previously described [9] , changes in tight junction protein expression, and increased BTB permeability occurred in this experimental model of testicular autoimmunity. Results of our in vivo and in vitro experiments with IL6 suggest that this cytokine (whose testicular content is increased in EAO) is one factor, among others, involved in the impairment of BTB integrity and function in autoimmune orchitis. Although the proinflammatory role of IL6 has been reported in many autoimmune diseases, the action of this cytokine on intercellular junctions of the seminiferous epithelium has not been previously described. Knowledge of intercellular cell junction protein expression and function and their regulatory factors is relevant for understanding chronic inflammation and other testicular pathologies involving germ cell sloughing.
